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Abstract
This study measured the development of contrast-sweep VEP thresholds to a range of chromatic and luminance stimuli.
Subjects were 14–32 week-old infants (n21) and three adults. Stimuli were 1 c:d sine gratings reversed at 5.6 Hz. Chromaticity
was varied from the L–M axis to an achromatic axis. VEP thresholds when plotted in L- and M-cone contrasts showed that: (1)
VEP thresholds did not consistently locate the psychophysical isoluminance match under the same stimulus conditions; (2) About
50% of the data were described by independent chromatic and luminance mechanism, however, thresholds were limited by the
cone contrast of the stimulus, phase cancellation between visual mechanisms, and the proper sampling of thresholds in L- and
M-cone contrast space and; (3) No significant changes occurred in VEP detection contours across ages but suprathreshold VEP
amplitudes suggested complex developmental changes. Data from previous studies showed similar results. © 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction
Measurement of color vision in infancy requires that
performance is based only on chromatic differences
without luminance cues (Peeples & Teller, 1975; Teller,
Peeples & Sekel, 1978; Hamer, Alexander & Teller,
1982; Packer, Hartmann & Teller, 1984; Allen, Banks &
Schefrin, 1988; Clavadetscher, Brown, Ankrum &
Teller, 1988; also see; Brown, 1990; Teller & Lindsey,
1993). The visual evoked potential (VEP) has been
shown to accurately measure the isoluminant ratio be-
tween two colors in non-verbal subjects. For instance,
the VEP produces a minimum response to 15 Hz coun-
terphasing stimuli similar to heterochromatic flicker
photometry (Regan, 1973; Siegfried, 1978). Bieber, Vol-
brecht and Werner (1995) used the minimum VEP
response to a 15 Hz flickering spot and were able to
obtain adult-like photopic luminosity curves in 2- and
4-month-old infants. Under their conditions, contrast
could be kept high by varying the intensity of the
chromatic stimulus (a single wavelength) over a 2 log
unit range. This high level of luminance contrast is
necessary since the infant visual system has limited
sensitivity to high temporal frequencies (Moskowitz &
Sokol, 1980; Fiorentini & Trimarchi, 1992; Dobkins,
Lia & Teller, 1997; Rasengane, Allen & Manny, 1997).
However, this rapid flicker technique has two disadvan-
tages. First, mean chromaticity and mean luminance
level change across a range of luminance ratios and
may change the chromatic adaptation state. Secondly,
the poor flicker sensitivity of the infant visual system
may require interpolation of isoluminance at a color
ratio where there is no reliable VEP signal.
Steady-state VEPs to lower temporal frequencies (2–
5 Hz) have been used to measure an isoluminance
match under conditions that allow measurement of the
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isoluminance response (Morrone, Burr & Fiorentini,
1990, 1993; Allen, Banks & Norcia, 1993). These stud-
ies showed a clearly defined local minimum (or a local
maximum flanked by minima) near the adult’s mini-
mum flicker match. Overall, these studies indicate that
infant isoluminance matches are similar to adult
matches in the red to green portion of the visible
spectrum (Maurer, Lewis, Cavanagh & Antis, 1989;
Teller & Lindsey, 1989; Bieber et al., 1995; Brown,
Lindsey, McSweeney & Walters, 1995).
It is important to realize that the minimum VEP
response at isoluminance can be explained by reduced
L- and M-cone contrast of the stimulus (Banks &
Bennett, 1988; Allen et al., 1993; Kelly, Borchert &
Teller, 1997). That is, when two chromatic stimuli are
isoluminant, the L- and M-cones are modulated less
than when the two chromatic stimuli contain additional
luminance variations. Allen et al. (1993) predicted VEP
sensitivity with an ideal observer model that assumes
sensitivity is determined by the amount of modulation
by the cones at different red–green luminance ratios at
all ages tested. If Allen et al. are correct the minimum
VEP sensitivity does not uniquely define the isolumi-
nance match and that changes in visual development
are limited by overall cone contrast sensitivity with age.
Alternatively, Morrone et al. (1993) postulate that
VEP amplitudes across a range of red–green luminance
ratios can be explained by activation of independent
chromatic and luminance mechanisms. This is quite
plausible since the VEP is a gross measure of underly-
ing neural activity and independent mechanisms can
linearly sum at the site of the electrode. Morrone et al.
have suggested that a ‘V- shape’ response minimum at
the isoluminance ratio can be determined solely by
activation of a luminance mechanism only, while a
‘W-shaped’ curve (a local maximum in response near
isoluminance) reflects the relative intrusion of the chro-
matic mechanism. These W-shaped curves were noted
for at least three of Morrone et al.’s infant subjects
from 9 to 24 weeks of age. Moreover, W-shaped curves
are also apparent in two out of seven adults in a study
using the VEP with 17 Hz flickering checkerboards
(Bach & Gerling, 1992).
The present paper will examine if VEP thresholds
uniquely define an isoluminance match under low tem-
poral frequency conditions that should favor detection
by chromatic and luminance mechanisms. VEP
thresholds are plotted in L- and M-cone contrast space
and summation contours are fit to the data (Stromeyer,
Cole & Kronauer, 1985; Poirson, Wandell, Varner &
Brainard, 1990; Cole, Hine & McIlhagga, 1993; Sanker-
alli & Mullen, 1996). The advantages of representing
the VEP data in a cone contrast plot is that contrast at
isoluminance is defined in physiological terms since by
definition Michelson contrast is zero at isoluminance.
Representation of the data in these plots will help
discriminate between detection contours limited by the
overall cone contrast of the stimulus versus detection
based on independent chromatic and luminance mecha-
nisms. VEP thresholds are measured under the same
conditions used to measure development of chromatic
and luminance spatial contrast sensitivity functions
(Kelly et al., 1997). Furthermore, we reanalyzed the
data from Allen et al. (1993) and Morrone et al. (1993)
in the same manner.
2. Methods
2.1. Subjects
Three adult subjects were laboratory personnel, in-
cluding one of the authors (JK). All adults had normal
color vision by FM-100 hue testing and had corrected
acuity of 20:20 or better. All adult subjects provided
informed consent. Infant subjects were recruited
through the University of Washington Infant Studies
Subject Pool. All parents provided informed consent.
All infants were born within 10 days of their due dates,
had normal deliveries, no health problems by parent’s
report, and had no gross eye movement abnormalities
or fixation disorders. Infants with a family history of
color deficiencies were excluded from the study.
Twenty-one infants, 14, 20 and 32 weeks of age and
three adults were tested. Four additional infants of 2, 3,
7.8 and 8 weeks of age were excluded because they but
did not produce a criterion VEP response across a large
range of luminance ratios (see below).
2.2. Stimuli
Stimuli were presented on a Barco monitor (Barco
Industries, Belgium) with a viewing size of 20° at 75 cm
distance. An Apple Macintosh IIci (Apple Computer,
Cupertino, CA) controlled the stimuli and timing while
simultaneously recording the evoked potential. Stimuli
consisted of horizontal 1 cycle:deg sinewave gratings
counter-phasing at 5.6 Hz in square wave temporal
fashion (11.2 reversals:s). All gratings were modulated
through a white (CIE x,y0.34, 0.36) at a space
average luminance of 40 cd:m2. The CIE x,y chro-
maticities for the red, green and blue phosphors were
(0.610, 0.342), (0.298, 0.588) and (0.151, 0.064), respec-
tively. Color modulations were variations between the
L–M axis and (white:black luminance) LMS axis
of the Derrington, Krauskopf and Lennie (1984) mod-
ification of the MacLeod and Boynton (1978) color
space. Modulation along axes intermediate between the
L–M and achromatic axes were varied in equal log
steps. For the present study, the nominally isoluminant
red–green grating had a maximal cone contrast of 8.7%
for the L-cones, 17% for the M-cones, and 0% for the
S-cones for an r.m.s. cone contrast of 13.5%.
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2.3. Swept-contrast VEP procedure
The swept-contrast VEP and data analysis proce-
dures were described in Kelly et al. (1997) and were
similar to those described by Regan, Tyler & co-work-
ers, extended by Norcia & co-workers (Norcia, Tyler,
Hamer & Wesemann, 1989; Norcia, Tyler, & Hamer,
1990). For each sweep, the contrast of the grating was
increased every 0.5 s from low to high in 20 equal steps
of 0.1 log unit. Therefore, each trial lasted a total of 10
s. The contrast range for all gratings was the same for
all subjects and was swept from 1 to 100% of the video
gamut for each color direction (e.g. isoluminance was
swept from 0.14 to 14% in r.m.s. cone contrast). Note
that the rate of change in contrast was kept constant in
order to avoid biasing the contrast response function
across conditions.
VEP amplitude was extracted by discrete Fourier
transform (DFT) of the 11.2 Hz component (signal)
and the amplitude of the 13 Hz component (noise) over
a 1 s sliding DFT window, resulting in 19 signal and
noise amplitudes from the 10 s EEG record (50%
overlap of the data from the previous window). VEP
contrast thresholds were estimated by linearly extrapo-
lating the amplitude of the 11.2 Hz signal to 0.0 mV on
a log contrast versus amplitude plot. Points chosen for
the regression line had to meet several criteria, such as
high S:N ratios (noise13 Hz component) and de-
creasing phase. The average VEP amplitude was the
vector average of the six sweeps.
2.4. Psychophysical data
Psychophysical isoluminance was determined in four
adults with a subjective minimum flicker task. Stimuli
consisted of chromatic 0.5, 1, and 2 c:d gratings also
counterphasing at 5.6 Hz. Color directions were varied
while contrast was kept at the maximum available by
the video gamut. The isoluminance match at each spa-
tial frequency was the average of 20 or more judgments
of the color ratio with the least amount of flicker.
Standard errors from all observer’s matches ranged
from 0.03 to 1.4% luminance contrast, but typically
were 0.4% luminance contrast. Additionally, adults
showed no significant changes in average isoluminance
matches between 0.5 and 2 c:d (differences were always
less than 2% luminance contrast; t-test, P\0.05).
For all conditions, viewing was binocular with natu-
ral pupils in a dark room. Adult subjects fixated a small
dot on the center of the screen. Infants’ fixation was
aided by small toys dangled in the center of the screen.
Fixation was monitored by watching the corneal reflex
of the monitor. When the infant did not appear to
fixate the stimulus, recording was interrupted and a
black and white cartoon figure appeared until the in-
fant’s fixation was correct. Then the experimenter tog-
gled the computer to continue EEG recording by
returning back 0.1 log contrast unit (0.5 s) of the sweep
trial. Unfortunately, not all infants provided data to all
directions of color space, but all were tested within
96% luminance contrast from Vl. Data from infants
unable to complete more that five color directions are
treated separately in Section 4.
2.5. Cone contrast space
Fig. 1a plots L-cone contrast of the stimulus along
the x-axis and M-cone contrast of the stimulus along
the y-axis. Positive contrasts denote the activation of
the L- and M-cones in spatial register. Negative con-
trasts denote a 180° spatial phase shift from the positive
contrasts. For example, the white bar of a white:black
grating would be denoted as a positive contrast while
the black bar of the grating would denote negative
contrast. Since the stimuli are sinewave gratings, the
VEP thresholds are forced to be symmetric about the
origin. White:black gratings modulate both L- and
M-cones in the same spatial phase and in equal propor-
tion. Therefore, pure luminance stimuli lie along a
LM direction (45°). Isoluminant (pink:aqua) grat-
Fig. 1. Graph A shows how the stimuli are plotted in L- and M-cone
contrast space. The color directions varied from white:black gratings
(dotted line at 45°) to isoluminant red:green gratings (solid line at
135°). The dotted line labeled rod null is the color direction that
produces no modulation of the rods. Graph B shows theoretical
detection contours for different summation exponents. Graph C
shows theoretical detection contours for two mechanisms that sum
linearly but have different temporal phases of 0°, 45°, 90°, 135°
and160°. Graph D shows how Eq. (1) fits a data set with 90° phase
difference between two mechanisms. The resulting fit implies a sum-
mation exponent less than 1. See text for further details.
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ings modulate L-cones in spatial opposition of M-cones
(approx. 135° along the line labeled Vl, but will depend
on the subject). The isoluminant stimulus does not
modulate the S-cones. Stimuli that lie along the ab-
scissa, produce no modulation of the M-cones and a
15% modulation of the S-cones since the color space
spans from the L–M direction to the white:black di-
mension. Conversely, stimuli that lie along the ordinate
do not modulate the L-cones and produce 10% modula-
tion of the S-cones.
3. Theory
3.1. Model of cone summation
We will consider a general model that predicts VEP
thresholds from a summation of the L- and M-cones to
some constant level (k), by the equation:
k (aL cobM co)1:o {k]aLc and bMc} (1)
where Lc and Mc are the cone contrasts for the L- and
M-cones with weightings of a and b, respectively. The
exponent o is varied to change the summation rule.1
This model is similar to that described by Poirson et al.
(1990). The predicted threshold contours for different
values of o when ab are shown in Fig. 1b. When
o1.0, the model predicts that thresholds are a linear
sum of the L- and M-cone contrasts, which form in a
rhombus around the origin. When o is set to 2.0, the
model predicts that thresholds will plot as a circle about
the origin. As o increases above 4, the model predicts
that thresholds form a square around the origin, sug-
gesting that thresholds are determined by either the
L-cone only or the M-cone only, depending upon which
cone type is more sensitive. A unique situation is when
oB1 — then the contour forms a ‘concave’ rhombus,
which suggests subthreshold summation (but see be-
low). When ab the predicted contour is elongated
along the direction of the L-cone axis, or when ba
then the predicted contour is elongated along the M-
cone axis (such as a circle stretching into an ellipse).
3.2. Contour fitting
Contours were transformed into a single polar coor-
dinate system (also see Sellers, Chioran, Dain et al.,
1986; Knoblauch & Maloney, 1996). Each color direc-
tion i has an L-cone and M-cone threshold (Lc, Mc) of
magnitude ri with a set polar angle F :
riF
L c2M c2
The basic form of the contour is:
xa cos(u)e
yb sin(u)e {05u52p}.
The contour is then rotated by:
x %x cos(r)y sin(r)
y % x sin(r)y cos(r) {05r52p}.
The value u defines all polar directions in color space
and the sign of cos(u) and sin(u) are restored after the
exponent. There are four free parameters: a and b scale
for the length and width of the contour, r defines the
rotation of the contour from the L-cone axis. The
exponent e determines the shape of the contour. Note
that exponent e differs from o — the contour is identi-
cal to that described by Eq. (1) by the relationship
o1:e * 2. From this point on, discussion is limited
only to exponent o. The predicted threshold Ci is the
magnitude of the contour at F. A reiterative program
then minimized the sum of square of the log difference
between the predicted contour point CiF and the
threshold value riF :
%
n
i
(log(riF) log(CiF))2 (2)
The reason for taking the log difference in vector
length is based on the work of Sellers et al. (1986) and
the fact that the standard deviation of a threshold
increases proportionally to the magnitude of the
threshold (Knoblauch & Maloney, 1996).
3.3. Phase cancellation
Since the steady-state VEP is dominated by a single
harmonic, the constituent inputs can be made from any
number of harmonic sinusoidal waveforms with any
number of phase relationships. Temporal phase differ-
ences between constituent inputs to the steady-state
VEP will affect response amplitudes and VEP
thresholds by phase cancellation or phase addition (also
see Morrone et al., 1993). We simplify the problem by
assuming a linear model with two inputs of relatively
fixed temporal phase:
Amp
A122A1A2 cos (f2f1)A22 (3)
The values A1 and A2 represent the relative ampli-
tudes of the sinusoidal inputs to the steady-state VEP,
f2 and f1 represent their response phases, respectively.
A1 and A2 are scaled so that A21.0 and f2, f1 are
phase shifted so that f20°. We assume, to a first
approximation, that VEP thresholds is 8 1:VEP am-
plitude. Fig. 1c shows VEP threshold contour predic-
tions when A1 and A2 are determined by L- and M-cone
1 The exponent o of our model is similar to b (the slope of the
psychometric function) of the probability summation model (Quick,
1974), however, it is important to distinquish between o and b
because the sweep VEP measures a complex response with changes in
contrast.
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modulation, respectively, and A1A2. Contours range
from circular at 0° phase difference to very pro-
nounced ‘clover leaf’ contours when phase differences
are greater than 135°. Predicted VEP thresholds in-
crease to stimuli with equal modulation of A1 and A2
when phase differences are 90° or more. Thus, it ap-
pears as if thresholds to isoluminant stimuli and lumi-
nance stimuli have a higher threshold when in fact the
response can be explained by temporal phase cancella-
tion between L- and M-cone modulation.
When oB1 the best fit implies that there is a
stronger than linear summation between mechanisms.
Alternatively, we propose that such fits are suspect due
to phase cancellations of VEP inputs. Fig. 1d shows
the best fit of Eq. (1) to a hypothetical data set with
ab1 and a 90° phase shift between inputs. The fit
is obviously poor but the best fitting exponent o is 0.5
and a5.5, b5.5 and r45°. Therefore, Eq. (1)
may erroneously predict stronger than linear summa-
tion (or subthreshold summation) between mechanisms
located at the vertex of the contour when indeed the
data are determined by linear phase differences. We
have calculated the error of the fit for various phase
differences according to Eq. (3). Up to 60° phase
differences, the contour is a well approximated by a
circle (or ellipse) with little error. At phase differences
of 70° or more, the contour approaches a concave
rhombus with exponent o getting smaller than 1.0 and
the error of the fit rapidly increases. With a 135° phase
difference, o0.4 and a, b overestimate mechanism
thresholds by a factor of 5.5. Further increases in
phase differences greatly decrease the predicted expo-
nent o and the error of the fit. For these reasons the
exponent o was limited to 0.4 or more in all contour
fitting. We evaluate the contribution of phase differ-
ences by the fit of Eq. (3), with rotation, for each data
set with a best fit exponent o less than 1.0.
3.4. Comparison between models
We compare the fits between two models based on:
(1) detection based on the cone contrast of the stimu-
lus with summation between the L- and M-cones from
(2) detection based on independent mechanisms tuned
to isoluminant chromatic and luminance stimuli. The
easiest way to distinguish between these two models is
the orientation of the contour in L- and M-cone space,
assuming there is enough variation in thresholds to
uniquely define the orientation and that phase differ-
ences are minimal. The simplest model assumes equal
L- and M-cone contrast summation, in which case the
best fit is a circle. The circle fit varies only one
parameter (a) since ba, angle r is set to 0°, and
exponent o2). The second model assumes unequal L-
and M-cone contrast summation, in which case the
best fit is an ellipse oriented along the cone isolation
axes. The ellipse fit varies two free parameters (a and
b) while fixing o2 and r0°. We deem angles 95°
equivalent to 0° given the range of test-retest variabil-
ity in sweep-contrast thresholds (Kelly et al., 1997).
Both the circle and ellipse fit oriented at or near 0° are
compatible with the findings of Allen et al. (1993) and
reject the theory that VEP thresholds are explained by
independent chromatic and luminance mechanisms.
Poirson et al. (1990) argue that circular (or ellipsoidal)
contours are determined by an infinite number of lin-
ear mechanisms and thus, it is impossible to infer
unique post-receptoral mechanisms from such con-
tours.
If VEP thresholds are generated by independent
chromatic and luminance mechanisms, as suggested by
Morrone et al. (1993), then threshold contours should
align uniquely with the isoluminant axis (approx. 135°)
or the purely luminance axis (near 45°) or both. We
test this hypothesis with the ‘full model’ that varies all
four parameters (a, b, r, o). This model allows for a
unique orientation in cone contrast space and also
allows for probability summation between mecha-
nisms. If the best fit occurs with r95° from the
cone axes, then under some circumstances the model
cannot distinguish between probability summation be-
tween L- and M-cones from probability summation
between independent chromatic and luminance mecha-
nisms. For example, if the best fit exponent o is larger
than four then the data can be interpreted as detection
by either L- or M-cone only, or, the data can be
interpreted as detection by linear summation (o1)
between chromatic and luminance mechanisms. Notice
that the exponent may not uniquely determine whether
independent mechanisms underlie detection (e.g. o\4)
or whether there is large amount of variability in sum-
mation (e.g. 15o54). Only when the full model has
an angle significantly different from 0° can we accept
the notion that VEP thresholds are based on indepen-
dent chromatic and luminance mechanisms. We test
the robustness of exponent o in the full model to an
ellipse fit that is free to vary angle r. We test the
robustness of angle r in the full model to a model
where a, b and o are free to vary while angle r is fixed
at 0°.
All fits are compared to the full model. The ‘cone
summation model’, which accepts the hypothesis that
VEP thresholds are based on cone contrasts, is the
contour oriented along the cone axes with the smallest
F-ratio difference from the full model. We accept the
cone summation model if the F-ratio is not statistically
significant. We accept the simplest model with the least
number of free parameters if there is no statistical
significance in residual error variance from the com-
plex model with more free parameters. The F-ratio is
(Neter, Wasserman & Kutner, 1985):
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Fig. 2. VEP thresholds (	) from three adult subjects and their
average plotted in cone contrast space. The dotted contours are the
best fit based on cone summation. The solid lines indicate the best fit
of the full model, which can reveal contours based on two indepen-
dent chromatic and luminance mechanisms. The solid line denoted by
Vl is the psychophysical isoluminance match under the same stimulus
conditions.
mild elongation towards isoluminance. Subject JK did
not show a clear axis of elongation. Each subject’s
psychophysical isoluminance match is plotted as a solid
line (denoted by Vl). The L:M cone ratio at Vl for
subjects KB, JK, and MF is 0.37, 0.51 and 0.84,
respectively. The contour drawn by the solid line in Fig.
2 plots the best fit with the full model, i.e. all four
parameters were free to vary. The contour drawn by the
dotted line plots the simplest cone summation model,
i.e. the fit with the smallest F-ratio from the full model
given the fewest number of free parameters. A sum-
mary of the best fitting parameters is shown in Table 1.
The last column reports the statistical significance of
the F-test between models assuming cone summation
and independent chromatic and luminance detection.
Results from all three adults rejected the cone summa-
tion model for a statistically better fit by the indepen-
dent chromatic and luminance detection model. The
average adult data was best fit by a circle and accepts
the simpler cone summation model. Two adults (KB
and MF) had an exponent (o) that was not statistically
different from 2.0, indicating their contours approxi-
mated an ellipse. Subject JK had much better fit with
an exponent of 10.0, indicating that his contour is best
described as a parallelogram.
The data in Fig. 2 show that the minimum VEP
sensitivity does not consistently detect the isoluminance
match in the adult subject. Close inspection of Fig. 2
shows that only MF has a contour that uniquely locates
his Vl match, which is parallel to the major axis. The
minor axes of KB and JK overestimate the L:M cone
ratio of their Vl match.
4.1. Infant data
Representative data from infants in each age group
are shown in Figs. 3–5. Overall, thresholds at 1 cy:deg
decrease only slightly from 3% at 14 weeks of age to 1%
at adulthood, which is similar to results reported for
achromatic contrast sensitivity under different stimulus
conditions (Norcia et al., 1990). Thresholds in this
study for all age groups overlap with the data reported
in Kelly et al. (1997) although this study represents a
much smaller sample size.
Eleven out of 21 infants were unable to provide
enough data across many different color directions to
adequately fit their thresholds with a contour (i.e. they
were too fussy, fell asleep, etc.). Overall, thresholds
were similar across subjects in each age group and
varied by 94% r.m.s cone contrast. For 14-week-old
infants (n4), threshold magnitude was nearly con-
stant at 3.3% cone contrast at all color directions For
20-week-olds (n7), threshold magnitude was about
1.4% cone contrast at the adult’s Vl match and was
2.5% cone contrast for achromatic stimuli. There were
no consistent changes in thresholds at or near the
F dfnum,dfcomplex

(SSresid(simple)SSresid(complex)):(dfsimpledfcomplex)
SSresid(complex):dfcomplex
,
where SSresid is the sum of square differences calculated
from Eq. (2), dfNnumber of free parameters asso-
ciated with the simple or more complex model, and
dfnum is dfsimpledfcomplex. Bonferroni correction is used
to for multiple comparisons of the F-ratio probability
(Keppel, 1982). The F-ratio cannot be computed be-
tween the full model and the phase difference model
since both have the same degrees of freedom. We
evaluate the phase difference model on whether SSresid
is lower or greater from the full model.
4. Results
Data from adults are summarized in Fig. 2. For
comparison, the average data at each color direction
are plotted at the lower right. Threshold magnitude for
all subjects ranged from 0.5 to 2.0% contrast. There are
considerable between subject differences. Subject KB
had an elliptical threshold contour that was elongated
in the achromatic direction, while subject MF showed
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Table 1
Summary of curve fitting parameters
Best fit by full modelBest fit assuming cone summation Accept independent chromatic and
luminance mechanisms?
Wid. Exp.Len. MS erroraAngle Len. Wid. MS errorAngle Exp.
(r) (log)(b)(a) (o)(a) (b) (r) (o) (log)
Adults
0.0220.6 1.8 0.5 52.3 1.7* 0.002 Yes, PB0.0010.8 4.0 1.4KB
1.8 0.7 126.5 5.0* 0.019MF Yes, P0.011.0 2.1 5.0 2.0 0.048
1.3 0.9 50.1 10.0 0.0060.012 Yes, PB0.01JK 2.04.01.40.9
Average 1.21.1 1.0 79.5 2.5 0.006 No1.1 0.0 2.0 0.006
32 Weeks old
12.2 7.4 94.5 0.4*Kevin A 0.0553.2 No3.2 0.0 2.0 0.065
2.1 0.9 91.5 2.0 0.0070.007 No0.9Scott 2.01.42.1
0.0312.5 3.5 2.6 94.4 1.0 0.022 possible, PB0.012.5 0.0 2.0Average
20 Weeks old
2.3 1.2 74.5 5.0*4.0 0.0302.0 No0.0342.51.1Nicholas
3.5 0.005 3.5 3.1 0.8 0.6 0.005 No3.1 1.3Katherine 0.6
2.6 1.4 57.3 10.0* 0.007 Yes, PB0.01Kevin K 1.5 2.2 4.0 2.0 0.012
\500 1.7 68.7 2.5* 0.0140.040 No2.0Sabrina 1.5 5.6 4.0
Average 2.41.4 1.3 69.9 10.0 0.006 Yes, P0.0012.5 4.0 2.0 0.013
14 Weeks old
1.4 0.026 5.8 2.1 102.7 0.6 0.018 Yes, P0.013.1 5.0Anne 2.0
3.5 1.4 82.6 10.0* 0.0150.018 No4.0 2.0Jacob 1.5 4.0
0.0836.8 24.0 5.4 135.3 0.4 0.042 Yes, PB0.0012.9 4.0 2.0Jeffrey
11.5Stephanie 9.33.3 166.5 0.4 0.010 Yes, PB0.0013.3 0.0 2.0 0.035
5.0 3.5 138.3 1.0 0.0130.014 No10.0Average 2.9 3.1 4.0
a MS error, sum of square log residuals:degrees of freedom.
* Exponent is not statistically different from 2.0.
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adult’s Vl match, although the average 14-week-old
data showed a small increase in threshold of 2% cone
contrast near the Vl match.
Data from infants, who provided adequate number
of thresholds, are shown in Figs. 3–5. The average of
each age group is shown separately. As in Fig. 2, the
solid line plots the full model and the dotted line plots
the simplest cone summation model. Differences in
mean square of log error differ by no more than 0.04
log units between models as shown in Table 1. This is
similar to the 0.03 log units average test–retest variabil-
ity in the sweep VEP threshold reported by Kelly et al.
(1997). Thus, improvements in the fit between models
are near the expected variation in VEP thresholds.
Data from two 32 week-olds are shown in Fig. 3.
Threshold magnitude for both subjects varied from 1 to
about 8% cone contrast depending upon the color
direction. There was an inconsistent increase in
threshold near the adult Vl for Kevin A, while Scott
had roughly similar threshold magnitude to all color
directions. Closer inspection suggests that thresholds
were slightly higher near the cone isolating axes (i.e. the
ordinate and abscissa from the origin). Scott’s
thresholds were best described as an ellipse elongated
along the M-cone axis for both the full model and the
cone summation model. For Kevin A, the full model
fits the data with o0.4, which attempts to account for
larger thresholds along the cone isolation axes. How-
ever, the fit by a circle is not statistically different from
Fig. 4. VEP thresholds (	) from four 20 week-old infants and their
average. Solid and dotted contours as described in Fig. 3. Sabrina’s
contour extended to infinity in the achromatic direction due to a
missing data point for that color direction. Top right, best fit to data
from Katherine assuming a phase difference of 95° between mecha-
nisms tuned to achromatic and isoluminant chromatic stimuli.
Fig. 3. VEP thresholds (	) from two 32 week-old infants and their
average. The dotted contours are the best fit based on summation of
the L- and M-cones. The solid lines indicate the best fit of the full
model, which can reveal contours based on two independent chro-
matic and luminance mechanisms. Top right, best fit to data from
Kevin A assuming a phase difference of 155° between mechanisms
tuned to achromatic and isoluminant chromatic stimuli.
the full model (Table 1). The full model is a statistically
better fit (F10.3; PB0.001) to the average 14-week-
old data, but both models are oriented along the cone
isolation axes (0° for cone summation and 94.4° for the
full model. Thus, it is not possible to distinguish detec-
tion by cone summation from detection by independent
chromatic mechanisms.
Since the full model fit to Kevin A had an exponent
less than 1, we plot at the top right of Fig. 3 the fit of
the phase difference model. His residual errors are
smaller when the data are fit by phase differences
between mechanisms tuned to isoluminant and achro-
matic directions (45° from the L-cone axis). Table 2
summarizes the results of the phase cancellation analy-
sis. The best fit phase difference is the value required to
fit the data and the observed phase difference is the
actual interpolated phase difference at the VEP
threshold for the appropriate stimulus directions. The
predicted phase difference is very close to the actual
phase difference (155° vs 144°).
The data from four 20 week-olds are shown in Fig. 4.
Thresholds for all three subjects varied from about 1 to
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Table 2
Summary of phase difference analysis
Age Observed phase differ- L-cone scale M-cone scale Rotation (deg) MS error ratio to fullSubject Exponent from full Best fit phase difference
modelafactor A1f2f1 (deg) factor A2ence (deg)model (e)
Present study
KB Adult 63n:a1.7
Adult 5.0 n:a 34MF
JK Adult 10.0 n:a 24
1.6 45 0.6144Kevin A 1.61550.432 weeks
32 weeks 2.0 n:aScott 25
37Nicholas n:a5.020 weeks
20 weeks 1.3 1.5 52 1.70.6 95Katherine 90
Kevin K 10.020 weeks 89n:a
20 weeks 2.5 n:a 50Sabrina
1.214 weeks 1.9 12 1.60.6 100 20Anne
10.0 n:aJacob 14 weeks 9
2.314 weeks 1.6 7 0.60.4 168 124Jeffrey
80 1.3 1.8 20 1.3Stephanie 14 weeks 0.4 162
Allen et al.
1 3 0.91.7ESS 0.7Adult n:a65
6.32 weeks 7.8 12 1.10.4 153 n:aEric
Morrone et al.
32AF ‘90% con- n:a1.7adult
trast’
11.1 18.3 11 0.2AF ‘30% con- adult 0.8 149 89
trast’
3.2 58 2.2151 4.11510.422 weeksMichele
127 13.2 6.2 3 0.4Felix 9 weeks 0.4 136
15.1 12 1.612.20.4 100Patrick 8 weeks 81
a RatioMS error of the full model:MS error phase difference model. A ratio less than 1.0 indicates a better fit with the phase difference model.
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4% contrast depending upon the color direction. There
were no overt minima in VEP thresholds near the
adult’s psychophysical isoluminance point. One subject
(Sabrina) was unable to finish all color directions,
therefore, she has fewer data points relative to the other
two subjects. For Sabrina’s fit, the best-fitting full
model was elongated towards the missing data points
and effectively became two parallel lines (oriented to-
wards the achromatic axis at :69° from the L-cone
axis). For subjects Nicholas, Katherine, and Sabrina,
their data were best described as an ellipse or circle
since the full model did not provide a statistically better
fit (Sabrina had borderline significance). Subject Kevin
K and the average 20-week-old data were better fit by
the full model (F\8.5; PB0.01), suggesting a parallel-
ogram contour elongated towards the achromatic color
direction. The orientation of the minor axis for Kevin
K and the average data predict a minimum VEP
threshold near the adult Vl match, but with a higher
L:M cone ratio.
Since subject Katherine had a best fitting exponent
less than 1 (o0.6), the top right of Fig. 4 shows the
best fit by the phase difference model. Again, the
predicted phase difference between a chromatic mecha-
Fig. 6. VEP threshold data from Allen et al. (1993) plotted in L- and
M-cone contrast space. Solid and dotted contours as described in Fig.
3. Top right, best fit to data from their 2-week-old assuming a phase
difference of 153° between mechanisms tuned near the isolated L- and
isolated M-cone stimuli.
Fig. 5. VEP thresholds (	) from four 14 week-old infants and their
average. Solid and dotted contours as described in Fig. 3. Top right,
best fit to data from Jeffrey assuming a phase difference of 168°
between mechanisms tuned to isolated L- and isolated M-cone stim-
uli.
nism aligned with the isoluminant direction and the
achromatic direction (52° from L-cone axis) was very
similar to the observed phase differences at these color
directions. However, the phase difference model did not
provide a better fit to the data.
Data from four 14 week-olds are shown in Fig. 5. In
general, thresholds for 14 week-olds had more scatter in
thresholds. Threshold magnitude ranged from 1 to 11%
contrast. Most infants did not show consistent changes
in VEP thresholds near isoluminance. One exception is
subject Jeffrey, who had a very high threshold near the
adult’s Vl match. Only one data set (Jacob) was best
described as an ellipse (elongated along the M-cone
axis) since the full model did not provide a statistically
better fit to the data. The other three subjects (Anne,
Jeffery, and Stephanie) had a statistically better fit with
an exponent less than 1.0, which also statistically fit the
data better than the contour using an exponent of 2.0.
The average 14-week-old data was best described as a
square contour aligned with the cone axes since the full
model (a parallelogram) did not provide a statistically
better fit to the data.
For subjects with the best fitting exponent oB1
(Anne, Jeffery, and Stephanie), the phase difference
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model resulted in an equally good fit to Jeffrey’s and
Stephanie’s data and provided a poorer fit to Anne’s
data. For brevity, only Jeffrey’s predicted phase differ-
ence fit is plotted. Table 2 shows the predicted phase
difference occurs between mechanism aligned near the
cone isolation axes for Anne, Jeffrey, and Stephanie
(12°, 7°, 20° from L-cone axis, respectively). For
Jeffrey, the predicted phase difference was somewhat
similar to the observed phase differences at these color
directions (168° vs. 124°). However, predicted phase
differences were dissimilar from the observed phase
differences for Anne and Stephanie (\79°). Since the
actual phase difference for Anne was only 20°, it was
predicted that the best fitting contour would be circular
with an exponent greater than 1.0 (see Eq. (2)). More-
over, we suspect that the full model attempts to account
for the outlying data points since Anne’s and Stepha-
nie’s data are best fit by a circle when single outlying
data points are removed.
4.2. Cone summation 6ersus independent chromatic
and luminance mechanisms
Table 1 summarizes the F-ratio tests between the
cone summation model and the full model. The last
column indicates if the data are statistically better fit by
independent mechanisms tuned to chromatic and:or
luminance color directions. If the last column indicates
‘no’ then the data are accounted by a simpler cone
summation mechanism. Roughly half of the detection
contours (7 out of 13) were described by independent
chromatic and luminance mechanisms and the remain-
ing detection contours were described by cone summa-
tion. There was no consistent trend across ages except
possibly at adulthood in which detection was always
consistent with independent chromatic and luminance
mechanisms.
Table 1 suggests that most VEP thresholds do not
vary greatly in threshold magnitude with color direc-
tion. For instance, many of the contour fits have a
major:minor axis ratio less than 2.5. The largest major:
minor axis ratio is 4.4 for subject Jeffrey. Since he had
a large phase difference between the isoluminant and
achromatic color directions, the major:minor axis
might actually be much smaller. Table 2 shows that of
the fits to the phase difference model the predicted
L-cone weight is very similar to the predicted M-cone
weight. The largest L-cone to M-cone ratio is 1.4.
4.3. Comparison with pre6ious studies
Figs. 6 and 7 plot selected data sets from Allen et al.
and Morrone et al. The data are represented as in the
previous figures. While space average luminance was
kept constant, their (R:RG) color specification
changes space-average chromaticity and chromatic
adaptation state across isoluminant and luminance
stimuli. Two purely luminance modulation ratios at
R:RG1.0 and R:RG of 0.0 change mean chro-
maticity of the red phosphor to a mean chromaticity of
the green phosphor. Despite these large changes in
chromatic adaptation, thresholds for ratios 1.0 and 0.0
appear equal in magnitude and symmetric (points plot-
ted along the purely luminance direction at 45°). Table
3 summarizes the contour fitting results and indicates
similar results as those seen in the present study. In
summary, there is no consistent trend across ages for
detection based on cone summation over detection
based on independent mechanisms tuned near isolumi-
nance and:or luminance. Fig. 6 shows that most of the
subjects had contours with slight elongation in the
direction of achromatic or M-cone stimuli. Four out of
six of Allen’s subjects are better explained by indepen-
dent mechanisms, however, differences between models
are small.
Fig. 7. VEP amplitude data from Morrone et al. (1993) plotted in L-
and M-cone contrast space. The data were transformed by 1:VEP
amplitude (mV) * 100 in order to be comparable to thresholds. Solid
and dotted contours as described in Fig. 3. Middle right, best fit to
data from their 22-week-old assuming a phase difference of 151°
between mechanisms tuned near achromatic and isoluminant chro-
matic stimuli. Middle bottom, best fit to data from their adult AF
under the low contrast condition (‘30% contrast’) assuming a phase
difference of 149° between mechanisms tuned near achromatic and
isoluminant chromatic stimuli.
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Table 3
Curve fitting parameters for Allen et al. and Morrone et al.
Best fit assuming cone and summation Best fit by full model Accept independent
chromatic and lumi-
Angle (r)Subject Exp. (o) MS error (log) Len. (a) Wid. (b) Angle (r) Exp. (o) MS error (log)Age Len. (a) Wid. (b) nance mechanisms?
Allen et al.a
4.0 2.0 0.006 1.6 1.1 33.0 10.0a 0.003 Yes, PB0.0011.4DA 1.8Adult
0.011 2.7 2.0 33.2 0.7a 0.0092.0 No0.0ESS Adult 1.5 1.5
0.010 8.3 2.2 73.0 1.7a 0.003Katy Yes, PB0.0017 weeks 2.5 7.5 4.0 2.0
0.003 10.6 5.9 74.5 5.0 0.00110.0 NoKeeley 4.09.66.46 weeks
2.05 weeks 0.010 6.5 4.2 72.2 5.0a 0.009 No4.7 8.2 4.0Jenevieve
0.015 168.6 19.3 64.5 0.4 0.0062.0 Yes, PB0.01Eric 2 weeks 0.015.115.1
Morrone et al.b
0.105 51.1 6.6 44.1 1.7a 0.0032.0 Yes, PB0.001AF ‘90%’ 0.015.215.2Adult
0.019 56.4 32.3 44.7 0.8 0.018 NoAF ‘30%’ Adult 24.3 32.7 4.0 10.0
0.009 28.4 19.5 92.1 0.4 0.0100.4 No28.1 1.3Michele 22 weeks 20.0
2.09 weeks 0.053 72.1 27.7 173.7 0.4 0.042 No13.9 13.9 0.0Felix
0.0 2.0 0.050 \500 21.0 117.2 0.4 0.012 Yes, PB0.001Patrick 8 weeks 20.2 20.2
a Allen et al. data in VEP contrast thresholds.
b Morrone et al. data in VEP amplitude data, set to 1:response amplitude100.
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For Allen et al.’s adult subjects, lower thresholds
were not coincident with the observed psychophysical
Vl match. With respect to locating a unique isolumi-
nance match from the adult VEP thresholds, the orien-
tation of the fits are inconsistent with their
psychophysical Vl match. Adult DA had an L:M ratio
at Vl of 0.15 and the predicted L:M ratio from the
minor axis was 0.48. Adult subject ESS had thresholds
best described by a circle, which does not allow estima-
tion of isoluminance. Using ESS’s fit with the full
model, the major axis also predicts an L:M ratio of
0.48 compared to her observed L:M ratio at Vl of 1.8.
Both Allen et al.’s 2-week-old (Eric) and adult (ESS)
had a best fitting exponent less than 1.0. Shown in Fig.
6 is the best fitting phase difference model for Eric only
(see Table 2 for ESS). Both the full model and the
phase difference model equally accounted for both data
sets and there was no improvement of the phase differ-
ence model over the full model. The phase difference
model suggests that Allen et al.’s 2-week-old and adult
ESS had relative phase cancellation between mecha-
nisms tuned near the cone isolation axes (12° and 3°
from the L-cone axis). Phase data were not reported by
Allen et al., so comparisons between predicted phase
and observed phase cannot be done.
4.4. VEP response data
Fig. 7 plots Morrone et al.’s steady-state VEP ampli-
tude data by converting it into proportional threshold
equivalents by 1:response amp (mV) * 100. This conver-
sion assumes that sensitivity is proportional to response
amplitude — although there are no definitive data on
this assumption. Again, response amplitudes were ap-
proximately symmetrical about the purely luminance
axis despite large differences in mean chromaticity. We
analyzed five data sets, two of which came from an
adult subject (AF) at two different contrast levels. One
set was collected under high stimulus contrast ‘90%
contrast’ and the other set under low stimulus contrast
‘30% contrast’. The terms 90 and 30% refer to the
amount of contrast available by the stimulus gamut at
each color ratio, not cone contrast. Table 3 summarizes
the contour fitting to Morrone et al.’s data. Again,
about half of the subjects show a better fit assuming
detection by independent chromatic and luminance
mechanisms, but this result depended upon the contrast
level for the adult. Three out of five data sets were
described best by a cone summation model.
With respect to locating the isoluminant match, the
minor axis of the best fitting full model closely located
the psychophysical Vl match under the high ‘90% con-
trast’ condition. Thus, VEP amplitude sensitivity was
greatest at isoluminance, not a minimum in L- and
M-cone contrast response. Determination of the Vl
match under the low contrast condition (‘30% con-
trast’) was difficult due to a complex contour. The 8
week-old infant shows an elongation (weaker response)
near the isoluminance ratio. One potential problem is
that the response at Vl for this child was near noise
levels and it was difficult to judge whether there was a
true response to isoluminant red–green gratings. (The
contour without a response to the isoluminant direction
would probably result in two parallel lines). For the
9-week-old, there was again a weak response (elonga-
tion) for one data point near the isoluminant direction,
but there was a smaller response near the isolated
M-cone axis. The 22-week-old showed weaker response
along the cone-isolating directions and is well fit by a
concave rhombus contour.
Table 3 shows that all but one of Morrone et al.’s
data sets were fit with an exponent less than 1.0. Fig. 7
shows for two subjects (22-week-old and an adult) the
best-fitting phase difference model. The fit is improved
from the full model for the adult data set and the fit is
slightly poorer relative to the full model for the 22-
week-old data set. The fits with the phase difference
model to Morrone et al.’s 8- and 9-week-old data sets
were not improved from the full model fit (not shown).
Table 2 shows that most of the predicted phase differ-
ences were very similar to the actual phase differences
taken from the published data. Morrone et al. showed
that VEP amplitudes could be predicted by a vector
sum of chromatic and luminance mechanisms with their
associated phase differences. Our results corroborate
their findings, especially for their 22-week-old subject.
The results between the threshold studies of the
present paper and that of Allen et al. appear qualita-
tively similar to the data of Morrone et al. despite the
fact that VEP thresholds were compared to VEP ampli-
tudes. The comparison between amplitudes and
thresholds would be simple if amplitudes always in-
creased linearly with contrast. Since it is well known
that VEP amplitudes saturate at higher contrast levels,
such comparisons are tentative at best. In order to
better compare sweep VEP amplitudes to thresholds,
we present our sweep VEP amplitude vs. contrast data
in Figs. 8 and 9. The phase data are not shown for
clarity, but by definition of a scorable VEP threshold,
the phase must be decreasing at threshold and then
remain stable over the range of contrasts needed to
extrapolate a threshold.
Two subjects in each age group are represented in
each 3-dimesional plot. VEP amplitude represents sig-
nal minus noise and is then normalized to 1.0 at the
largest amplitude across all conditions. The axis labeled
log contrast represents the log r.m.s. cone contrast for
the L, M and S cones during the sweep. The axis
labeled luminance contrast from Vl represents the
amount of luminance contrast from adult’s Vl match
across the range of color directions tested. For example,
a value of 0.0 represents the isoluminant color direction
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Fig. 8. Surface reconstruction of sweep-contrast VEP amplitudes for all color directions. Subjects were 14, 20 or 32 weeks of age, and an adult.
Relative amplitude is the signal amplitude minus the noise amplitude and normalized to 1.0 at the highest value. Log contrast of the sweep is
converted into r.m.s. cone contrast for the L, M, and S cones. Luminance contrast from Vl denotes the amount of luminance contrast in the
stimulus relative to the adult’s isoluminance match.
and a value of 1.0 represents the achromatic color
direction. The achromatic sweep VEP data are plotted
at 1.0 for symmetry. For subject Anne (14-week-old)
the 1.0 and 1.0 value are test and retest of the
achromatic color direction. Negative numbers represent
the red grating brighter than the green grating and
vice-versa for positive numbers. Minimum L-cone and
M-cone modulation occur at 0.10 and at 0.15 from
Vl, respectively.
The VEP amplitude data are smoothed to remove
local noise and then fit by a 3-D surface (distance
weighted least-squares regression; SYSTAT Inc.,
Evanston, IL). Amplitudes for color directions near Vl
were interpolated since the stimuli do not actually
attain 100% r.m.s. cone contrast (0.0 log contrast). The
simplest way to interpret the data is a surface that rises
from a flat point (the threshold) and increases in ampli-
tude with contrast. In general, VEP amplitude arise
from a similar r.m.s. cone contrast at all color direc-
tions. Notice that the 14 week-old data have a simple
surface contour in which all amplitude versus contrast
curves ascend linearly from about 2.0 log contrast.
However, at 20 weeks, there is a local complexity in the
surface near isoluminance as the VEP amplitude in-
creases from the threshold level. At 32 weeks the sur-
face becomes much more complex, showing both a
local minima and maxima near isoluminance at con-
trasts higher than threshold. Finally, both adults show
even further complexities in the VEP amplitude func-
tions near threshold at supra-threshold levels. From the
graphs in Figs. 8 and 9, it is possible to pick a range of
stimulus contrasts that will lead to either a ‘V’ or ‘W’
shaped function across a range of red:green luminance
ratios that encompass isoluminance.
It is important to distinguish VEP contrast response
functions from VEP thresholds. Since the VEP
threshold is extrapolated from the slope of the VEP
amplitude vs. contrast response, the same threshold
J.P. Kelly, S. Chang : Vision Research 40 (2000) 1887–1905 1901
may be obtained with a steep slope or a swallow slope.
In addition, Figs. 8 and 9 do not show how phase
cancellations might arise during the sweep. Since phase
dynamically changes throughout the sweep, predicting
amplitude from the phase will be very difficult. The
relationship between phase cancellation and the sweep
VEP will require further research.
4.5. Summary of summation exponents
The best fit exponent varied greatly between subjects
and varied greatly between ages. For 12 out of 28 data
sets, the exponent from the full model was not statisti-
cally different from 2.0, suggesting the contour could be
also described as an ellipse or circle. Four data fits had
exponents greater than 2.0 that were statistically better
fit by parallelograms rather than ellipses. Eleven data
fits had exponents less than 1.0, which was actually the
most common exponent. Two of these 11 data fits were
not statistically different from an ellipse while nine were
best described as a concave rhombus. Table 2 summa-
rizes the data fitting by the phase difference model to
all data sets with a best fitting exponent less than 1.0.
Six of the 11 data sets showed an equal or better fit
with the phase difference model relative to the full
model. In general, the mean square error of the phase
difference model was within a factor of two from the
mean square error of the full model. Also note that the
best fitting exponent was highly correlated with the
observed phase differences of the VEP responses along
the major and minor axes of the contour fit (r0.66;
PB0.01). When the best fitting exponent was less than
1.0 the observed phase differences was always less than
70° as predicted by Fig. 1c,d.
5. Discussion
The sweep-contrast VEP is useful for rapidly measur-
ing contrast sensitivity in human subjects of all ages.
The present study, like that of Allen et al. (1993),
extends the sweep-contrast VEP to the measurement of
Fig. 9. Surface reconstruction of sweep VEP amplitudes for all color directions in four other subjects. Same conventions as Fig. 8.
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contrast thresholds to a range of chromatic stimuli
that encompass isoluminant threshold. Although the
infants in this study are not representative of the in-
fant population in general (i.e. only 48% of infants
tested were able to provide enough data), adult-like
thresholds were measured in 14-week-old infants as
shown with previous work with the contrast-sweep
VEP (Norcia et al., 1990; Kelly et al., 1997). One
reason why infants show adult-like VEP thresholds
could be that the VEP underestimates adult
thresholds (compare our adult data to adult psycho-
physical data from Lindsey & Teller, 1990; Gur &
Akri, 1992; Gegenfurtner & Hawken, 1995). Another
reason could be that the VEP overestimates infant
psychophysical thresholds due to cancellation of un-
correlated neural noise at the electrode (e.g. Dobson
& Teller, 1978; Brown, 1994), or that the VEP mea-
sures a cortical response incapable of driving the in-
fant’s attention.
5.1. Are VEP thresholds determined by cone contrast
of the stimulus or independent mechanisms?
Using the ideal observer model, Allen et al. (1993)
postulate VEP thresholds across variations of chro-
matic and luminance stimuli should be described as a
circle or an ellipse oriented along one of the cone
axes. If summation rules apply then contours may
depart from the ellipse but should sill be aligned with
the cone axes. If correct, it is not possible to locate a
unique isoluminance match in terms of L- and M-
cone contrast. Morrone et al. postulate that VEP
responses are influenced by summation of post-recep-
toral mechanisms tuned to chromatic or luminance
stimuli. If thresholds are proportional to VEP ampli-
tudes, detection contours should uniquely align with
the isoluminant and:or achromatic color directions.
The shape of the detection contour would be gov-
erned by the relative sensitivity and summation be-
tween these mechanisms. We further propose that
when summation rules imply stronger than linear
summation (or subthreshold summation) the VEP is
influenced by linear summation of two mechanisms
with different temporal phase.
Most of the VEP threshold magnitudes in color
space are roughly similar across all luminance and
isoluminance color directions. For all data sets ana-
lyzed in this paper, more than half have a major:mi-
nor axis ratio less than 2.0 when fit with the full
model. When the major:minor axis ratio is small,
there is uncertainty about the orientation of the con-
tour, and thus, the ability to judge whether thresholds
are mediated by independent chromatic and lumi-
nance mechanisms is reduced. The largest major:mi-
nor axis ratios were found for subjects with missing
data at the longest predicted thresholds (i.e. 14-week-
old Sabrina from this study, 2-week-old Eric from
Allen et al., and 8-week-old Patrick from Morrone et
al.). After omitting these questionable contour fits,
the average major:minor axis ratio was 2.1 and the
largest ratio was 4.4 for subject Jeffrey — and even
this ratio is misleading since he has a relatively large
phase difference between the isoluminant and achro-
matic color directions.
Given the relatively small variation in threshold
magnitude across all color directions it is tempting to
conclude, like Allen et al., that VEP thresholds are
limited by the amount of cone contrast. However,
seven out of 13 subjects from the present study had a
statistically better fit with the full model that implies
detection by independent mechanisms tuned to isolu-
minant and luminance stimuli. However, one of these
seven fits (Anne at 14-weeks age) is questionable since
the best fit was an ellipse with removal of an outlier
threshold. There were five out of 11 data sets from
Allen et al. and Morrone et al. had a statistically
better fit by a contour consistent with detection based
on independent chromatic and luminance mecha-
nisms. However, two of the five contours are ques-
tionable since contours are elongated towards missing
data points (c.f. Allen et al.’s 2-week-old and Mor-
rone et al.’s 8-week-old). Our results support the con-
clusions by Morrone et al., for roughly half of the
subjects tested. We show that data from three of Al-
len et al.’s subjects are inconsistent with their conclu-
sions. We also show that three of Morrone et al.’s
data sets are consistent with the notion that VEP
responses are limited by the amount of cone contrast.
With respect to visual development, there was little
evidence of differential changes in VEP mechanisms
across all ages tested. Detection contours based on
independent chromatic and luminance mechanisms are
seen across all age groups tested. Therefore, evidence
of post-receptoral mechanisms tuned to achromatic
and isoluminant color directions appear to be present
from very early in infancy. There also appeared to be
no significant changes in the relative sensitivity be-
tween chromatic and luminance mechanisms. Given
our stimulus parameters, and individual differences
between subjects, our results are consistent with the
‘Russian doll’ theory (Teller & Lindsey, 1993). That
is, we find evidence for detection ellipsoids deter-
mined by different visual mechanisms with different
summation rules, but in general, the ellipsoids from
infants are similar to the ellipsoids from adults but
vary only in overall contrast sensitivity. Possibly the
VEP is susceptible to various sources of noise and the
technique, using the limited stimulus conditions, lacks
the power to consistently extract thresholds deter-
mined by independent chromatic and luminance
mechanisms. The role of possible stimulus artifacts is
discussed below.
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5.2. VEP amplitudes 6ersus VEP thresholds
There are important distinctions between the studies
in this paper. Morrone et al. measured VEP response
amplitudes at suprathreshold contrast. Our data in
Figs. 11 and 12 suggest that complex developmental
changes do occur in the suprathreshold VEP response
across a range of isoluminant and luminance stimuli.
The changes in complexity of the contrast response
function appear to increase systematically from 14
weeks of age through adulthood. Consistent with these
results are long-term changes in the suprathreshold
transient-VEP to isoluminant red–green (L–M axis) or
isoluminant tritan (S-cone) gratings when compared to
VEP response waveforms to achromatic gratings
(Crognale, Kelly, Weiss & Teller, 1998). Furthermore,
these changes in the transient VEP waveforms continue
well into the second decade of life (J. Kelly, personal
observations). However, we suspect that phase differ-
ences contribute significantly to suprathreshold contrast
response functions since the phase difference model was
an adequate fit to three out of four data sets from
Morrone et al.
There is no definitive evidence that our data analysis
actually isolates any particular VEP mechanism, we
accept the simplest model that can statistically account
for the data relative to a more complex model. Al-
though it seems reasonable to have one model that
estimates probability summation and phase differences,
such a model would require at least six free parameters
and more threshold measurements. Our contour fits
with four free parameters is susceptible to noise and
missing data points. For instance, two of our 14-week-
old subjects are fit with a completely different contour
with removal of a single outlier point. Secondly, the
best fitting contour may greatly extend along the color
direction of missing data points (see results for 14
week-old Sabrina, Allen et al.’s 2-week-old, and Mor-
rone et al.’s 8-week-old). Therefore, the number of
thresholds and the spacing of thresholds in the L- and
M-cone contrast space have significant effects on con-
tour fitting. Lastly, the improvements in the fits are
generally in the range of test-retest thresholds. We have
noted up to a 0.3 log unit difference in sweep-contrast
VEP thresholds (Kelly et al., 1997) and in this study we
found a mean test-retest reliability of 0.10 log units (five
measurements from four infants). We have tried to
counteract these problems by fitting the data with a
least-squares log difference.
5.3. Cone contrast space artifacts
The method of plotting our data in L- and M-cone
contrast space is dependent upon the assumption that
all subjects have cone action spectra similar to the
Smith and Pokorny cone fundamentals. It is clear that
individuals have genetic differences in their cone opsin
action spectra (Neitz, Neitz & Jacobs, 1995) and our
contour fits might suffer from such misrepresentations.
Furthermore, rods are known to contribute to the VEP
response (Knoblauch, Bieber & Werner, 1996). If rods
did contribute to our data, their effects must be rela-
tively small. Fig. 2 shows that a red:green grating
modulating near the isolated L-cone axis does not
modulate the rod photoreceptors in the L- and M-cone
contrast space. If thresholds were strongly influenced
by the rods, then threshold contours would be greatly
oriented in the rod-null direction. Unfortunately, isolat-
ing the responses of any particular psychophysical
channel or physiological cell type with our stimuli is
difficult due to artifacts chromatic stimuli can cause
modulation in achromatic channels. Such artifacts stem
from — such as chromatic aberration, differential de-
lays in the signals from different cone types, and neural
nonlinearities such as frequency doubling — (see Ca-
vanagh and Antis, 1991 and Teller and Palmer, 1996
for further discussion).
5.4. Determination of isoluminance under conditions
that fa6or detection by chromatic mechanisms
Several reports in the literature equate the minimum
electrophysiological response (or a local maximum in
response) to the isoluminant match. The results from
the present study indicate that such assumptions may
require careful consideration. We show that the mini-
mum (or maximum) VEP in an adult subject does not
consistently locate the subject’s isoluminance match
under identical stimulus conditions. Our results suggest
that the presumed isoluminance match is confounded
by the amount of cone contrast in the stimulus, the
relative sensitivity of the mechanisms that mediate de-
tection, and potential phase differences between mecha-
nisms that lead to phase cancellation. These effects
were found across all ages from the present study, the
VEP threshold data of Allen et al. (1993) and VEP
amplitude data from Morrone et al. (1993).
The present study was limited to stimulus conditions
that allow detection by chromatic mechanisms across a
wide range of ages (Dobkins et al., 1997). Our results
will probably differ greatly from flicker photometric
isoluminance matches using high flicker rates at
suprathreshold levels (e.g. Bieber et al., 1995). The
chromatic mechanism is unlikely to respond well at
these high flicker rates to the low cone contrast of
isoluminant red:green gratings on a CRT. Even at 5.6
Hz we could not obtain suitable signal-to-noise ratios
to measure chromatic thresholds in a small sample of
infants 8 weeks of age or younger. We predict that such
contours would be formed by two parallel lines extend-
ing towards the presumed isoluminance match. Under
these circumstances, the estimated isoluminance match
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might be easier to estimate from the detection contour
but many thresholds in the chromatic color direction
would not be recordable.
Difficulties locating an unique isoluminance match
under stimulus conditions when detection is mediated
by chromatic mechanisms are not limited to the VEP.
Gegenfurtner and Hawken (1995) show psychophysical
detection thresholds to 1–4 Hz drifting gratings that
were roughly equal at all color directions without a
clear minimum in sensitivity at the isoluminance ratio
— nor were detection contours uniquely oriented with
respect to the isoluminance match. The orientation of
the detection contour and the isoluminance match were
similar, only at higher drift rates, where chromatic
sensitivity is reduced.
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